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We make a source of entangled photons (SEP) using spontaneous parametric down-conversion
(SPDC) in a non-linear crystal and study the spatial distribution of photon pairs obtained through
the down-conversion of different modes of light including higher order vortices. We observe that for
the Gaussian pump, the thickness of the SPDC ring varies linearly with the radius of pump beam.
However, in case of vortex carrying beams, two concentric SPDC rings are formed for beams above
a critical radius. The full width at half maximum (FWHM) of SPDC rings increase with increase
in the order of optical vortex beams. The presence of a critical beam width for the vortices as well
as the observed FWHM of the SPDC rings are supported with our numerical results.
PACS numbers: 050.4865, 190.4975, 42.65.-k, 42.65.Yj
I. INTRODUCTION
The process of spontaneous parametric down-
conversion (SPDC) has been used extensively for the gen-
eration of entangled photon pairs in many recent exper-
iments. The purpose of these experiments range from
Bell’s inequality violation [1] to the implementation of
quantum information protocols [2]. In the process of
SPDC, a laser pump beam photon interacts with second-
order nonlinear χ(2) crystal, gets annihilated and gives
rise to the emission of two photons. These two photons
are generated simultaneously and follow the laws of en-
ergy and momentum conservation. The phenomena of
SPDC was first observed by Burnham and Weinberg [3]
and theoretically studied by Hong Ou and Mandel [4].
The photon pairs generated through SPDC are en-
tangled in the spatial degrees of freedom i.e. position-
momentum entanglement [5] as well as entanglement in
orbital angular momentum (OAM) [6]. This OAM entan-
glement can be described by a multi-dimensional Hilbert
space [7–9], compared to the case of polarization entan-
glement which is limited to two dimensions only [10].
These photon pairs have been found to be entangled in
time-bin also [11].
Optical vortices (OV) carry a dark core in a bright
background [12]. If there is a phase change of 2pil around
the point of darkness, it is called a vortex of topological
charge l, where l is an integer. The sense of rotation de-
termines the sign of topological charge of the vortex. A
beam with such a phase structure has a helical wavefront
and, therefore, carries an OAM of l} per photon [13] for a
vortex of topological charge l. These beams have found a
variety of applications, such as optical trapping of atoms
[14], optical tweezing and spanning [15], optical commu-
nication [16], imaging [17], and quantum information and
computation [8].
For any application of entangled photons generated
through the SPDC, it is important to know the spatial
distribution of photons arising from the SPDC process.
For the Gaussian pump beam, the spatial distribution of
SPDC photons has already been reported [18–21]. How-
ever, for photons generated by pumping with higher order
vortices, it has not been reported so far. Although, the
phase-matching by optical vortex pump beam h as been
studied theoretically by Pittman et.al. [22].
With the availability of low noise and high quantum-
efficiency electron-multiplying CCDs (EMCCD), the ex-
periments with low photon level imaging has become pos-
sible [23]. To observe the shape of the SPDC ring formed
by the Gaussian as well as optical vortex beams, we have
carried out experimental studies using EMCCD. The ob-
served experimental results are supported with our nu-
merical results. The theory regarding the SPDC has been
discussed in section II, experiments performed in section
III and results in section IV. Finally we conclude in sec-
tion V.
II. THEORY
The intensity distribution of an optical vortex of order
l can be written as
Il(x, y) = I0(x
2 + y2)|l| exp
(
−x
2 + y2
σ2
)
, (1)
where σ is the beam radius of host beam, I0 is the max-
imum intensity in the bright ring. Clearly, Eq. 1 shows
that the Gaussian beam is a special case of optical vortex
with l = 0.
The nonlinear effects in crystals have been exploited in
a number of applications such as frequency doubling, op-
tical parametric oscillation and the SPDC [24]. When
a nonlinear crystal, for example Beta-Barium Borate
(BBO), with non-zero second order electric susceptibil-
ity (χ(2)) is pumped by an intense laser, a pump photon
(frequency ωp and wave-vector Kp) splits into a photon
pair called signal and idler. The energy and momentum
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2conservation provide us with
~ωp = ~ωs + ~ωi, (2)
Kp = Ks +Ki, (3)
where suffices s and i denote signal and idler photons
respectively. The phase matching is determined by the
frequency of pump laser beam, and the orientation of
crystal optic axis with respect to the pump. Equation 2
can be simplified as
1
λp
=
1
λs
+
1
λi
, (4)
where λp, λs and λi denote wavelengths of pump, signal
and idler photons respectively. We have considered e →
o + o type (e: extraordinary, o: ordinary) interaction.
Hence, Eq. 3 can be written as
2pine(λp,Θ)
λp
=
2pino(λs)
λs
cos(φs) +
2pino(λi)
λi
cos(φi)(5
2pino(λs)
λs
sin(φs) =
2pino(λi)
λi
sin(φi) (6)
where φs is the angle between Kp and Ks, φi is the angle
between Kp and Ki and Θ is the direction of optic axis
with respect to Kp. ne(λp,Θ) and no(λs,i) are the ex-
traordinary and ordinary refractive indices for respective
wavelengths. They are obtained from the Sellmeier equa-
tions [24] and for the BBO crystal used in the experiment
can be written as
no(λ) =
√
2.7359 +
0.01878
λ2 − 0.01822 − 0.01354λ
2 (7)
ne(λ) =
√
2.3753 +
0.01224
λ2 − 0.01667 − 0.01516λ
2 (8)
ne(λ,Θ) = no(λ)
√√√√ 1 + tan(Θ)2
1 +
[
no(λ)
ne(λ)
× tan(Θ)
]2 (9)
where λ is in µm.
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FIG. 1. (Color online) Sketch diagram for the SPDC ring
emission after passing the pump beam through the BBO crys-
tal. Light and dark gray levels represent generation of idler
and signal photon SPDC rings respectively.
In Fig. 1, we have given a sketch of the SPDC photon
pair generation in non-collinear type-I SPDC process. C
denotes the crystal optic axis. The angular separation
betweenKp andKs is due to energy and phase-matching
conditions (Eq. 5 and 6) required for the SPDC process.
We have also shown generation of a pair of signal and
idler photons and formation of the ring centered around
Kp. In the present case, we have assumed that the pump
beam has same horizontal and vertical widths.
We have used a negative-uniaxial BBO crystal with
non-linear coefficient deff = 2.00 pm/V, thickness 5 mm
and optic axis Θ = 29.7◦. The pump beam with wave-
length λp = 405 nm is incident normal to the crystal.
We plan to study the degenerate or near-degenerate case
in which the signal and idler photons have almost same
wavelength λs,i = 810±5 nm. The wavelength for down-
converted photons are chosen from the interference filters
(IF) used in the experiment. With these experimental
parameters, Eqs. 5 and 6 have been solved to determine
φs and φi by Runge-Kutta (RK) method for a particular
value of λs and λi satisfied by Eq. 4.
Numerical simulations have been performed by first
considering a particular value of λs and λi. Angles φs
and φi are evaluated using RK method for chosen λs,
λi and experimental parameters. The signal and idler
photons are generated in cones having half-opening an-
gle φs and φi as represented in Fig. 1 and appear as two
rings on the detector plane. The center of these rings are
concentric with the pump beam. Now, consider a single
point on the intensity distribution of pump falling on the
crystal. The stream of single photons passing through
the chosen point generates SPDC rings whose radius de-
pends on the distance between crystal and EMCCD. The
intensity of the rings are proportional to the intensity at
the selected point. The rings corresponding to signal and
idler photons are then added to obtain the SPDC ring for
the pump photons. In the similar way, rings for all other
points of pump intensity distribution are obtained and
added. The obtained spatial distribution will depend on
the shape and size of the pump beam. This will provide
the SPDC ring for λs and λi. The contributions due to
whole wave-length range (810±5 nm)allowed by the IF
has been considered to obtain the resultant spatial dis-
tribution of SPDC ring.
III. EXPERIMENTAL SETUP
The experimental set-up to study the SPDC photon
distribution generated by the Gaussian as well as the op-
tical vortex pump beam is shown in Fig. 2. The astigma-
tism of the diode laser (RGBLase 405 nm, 50 mW) have
been removed by using a combination of lenses. The col-
limated beam is then sent to a spatial light modulator
(SLM) (Hamamatsu LCOS SLM X-10468-05), which is
interfaced with computer (PC1). Blazed holograms have
been used to generate OV with higher power in the first
diffraction order [25]. The first diffracted order is selected
3with an aperture A3. Polarizer (P) and half-wave plate
(HWP) are used to select and rotate the polarization of
pump beam respectively. BBO crystal (6×6×5 mm3)
with optic axis at 29.7◦ is used for the parametric down-
conversion. As the size of OV beams of higher order
becomes bigger than the size of the crystal, we have used
a lens L1 (f=15 cm) to loosely focus the vortex beam on
the crystal. The BBO crystal is mounted on a rotation
stage, so that phase-matching angle can be achieved by
rotating the crystal along its optic axis. After achieving
phase-matching, the crystal remains unaltered for all the
observations.
BBO
IF1
HWP
EMCCD
L1
Collimating Lens Combination
M2
M1
SLM
A3
A2
λ=405 nm, P=50 mW
A1
L2
Laser
PIF2
PC1
PC2
FIG. 2. (Color online) Experimental setup for the study
of SPDC photon pair distribution with an optical vortex as
pump beam.
When phase-matched, the output cone makes half an-
gle of ∼ 4◦ with pump direction Kp. The BBO crystal is
kept in such a way that it can down-convert only verti-
cally polarized light. Therefore, when angle of the HWP
is 0◦ (45◦), then we will get (not get) down-converted
photons. Image of the down-converted ring is recorded
by Andor iXon3 EMCCD camera using an imaging lens
of focal length 5 cm. We have used the EMCCD in back-
ground correction mode. In this mode, background is
obtained when λ/2 plate is at 45◦ and signal is obtained
when λ/2 plate is at 0◦. The central bright spot in ex-
perimental observations show the unfiltered pump beam.
This could not be subtracted while subtracting the back-
ground due to shift in its position during the rotation
of HWP from 45◦ to 0◦. The interference filters IF1 and
IF2 pass only the down-converted photons of wave-length
810±5 nm and block the pump photons of wave-length
405 nm. Two interference filters have been used to reduce
the pump photons as much as possible.
The power of 405 nm laser falling on the BBO crystal
was 2 mW. EMCCD was operated at -80◦C. Further, we
have taken images by accumulating 50 frames exposure
time of 1 s. We have used the complete 512×512 pixels
of the camera. The readout rate was set at 1 MHz 16-bit.
Since the observed SPDC rings were sufficiently intense,
we have not enabled the electron-multiplication gain.
The size of pump beam has been measured by imag-
ing the beam at the position of crystal with Point-Grey
150 cm
250 cm
350 cm
150 cm
250 cm
350 cm
2 mm
2 mm
2 mm
2 mm
2 mm
2 mm0.5 mm
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0.5 mm0.5 mm
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FIG. 3. Experimental (left) and Numerical (right) are Gaus-
sian pump and their corresponding SPDC rings recorded at
distances 150 cm, 250 cm and 350 cm from the SLM.
(FL2-20S4C) CCD camera. The images obtained from
the CCD camera are read in Matlab for further process-
ing. The 2-D curve fitting is used to obtain the best-fit
intensity distribution obtained by Eq. 1 that provides us
with beam-width of the pump (σpump). For our numeri-
cal calculations, we have used the best-fit value of σpump
obtained experimentally.
IV. RESULT AND DISCUSSION
The objective of the experimental work is to charac-
terize the spatial distribution of degenerate SPDC pho-
ton pairs produced by higher order vortices and verify
the results obtained with numerical calculations. Before
pumping the nonlinear crystal with high order vortices,
we study the distribution of SPDC photons generated by
the Gaussian beam of different widths.
To make a comparison of spatial distribution of down-
converted photons due to the Gaussian and the vortex
beams, the Gaussian beam is generated using the SLM by
transferring the blazed grating hologram of topological
charge 0 to the SLM. To vary the width of the Gaussian
beam, we have used the beam at different propagation
distances from the SLM (150 cm to 350 cm in the steps
of 50 cms). As the size of beam was lower than the
aperture of the crystal at 350 cm from the SLM, lens
(L1) was not used. The experimentally and numerically
obtained SPDC rings are shown in Fig. 3. We observe
an increase in thickness of the SPDC ring as the pump
beam size increases.
To obtain a quantitative variation of SPDC ring, we
use the line profile through the SPDC rings along their
center. Numerically, we have observed that the SPDC
ring fits with a Gaussian function. To calculate the width
of SPDC ring (σring), the profiles obtained are fitted with
a Gaussian function as in Eq. 1 for l=0. The variation
of thickness of the SPDC rings with the size of the pump
beam is shown in Fig. 4. Numerical and experimental re-
4sults are found to be in good agreement with each other.
We find our results are similar to the one obtained earlier
[19].
Figure 5 shows the generation of two rings when the
BBO crystal is pumped with OV. The blue and red
lines show the intensity distribution of the pump and
the SPDC photons. As the size of optical vortex goes be-
yond the aperture of BBO crystal, we have used lens (L1)
to loosely focus it. It has been observed that the SPDC
ring due to optical vortex forms two concentric bright
rings with non-zero intensity in middle. The SPDC rings
due to optical vortices are shown in Fig. 6. From these
images, we can observe the increase in thickness of the
SPDC ring.
With the increase in topological charge of vortices, the
full width at half maximum (FWHM) of the ring in-
creases. The separation between the inner and the outer
ring also increases with the increase in order as shown in
Fig. 7. However, we can observe the asymmetry caused
due to the crystal length. This asymmetry arises due
to the longitudinal phase matching and depends on non-
linear crystal properties of the crystal, including crystal
length [19]. This is one of the factors which affects the
selection of entangled photons and consequently the total
coincidence counts.
We have also observed that if σpump is lower than a
particular value for the OV of topological charge l, then
there will not be any change in FWHM. This variation
has been studied by varying σpump and keeping the order
l fixed. We have observed that the FWHM of the ring
starts increasing only when σpump is more than a partic-
ular beam size, called critical beam size. The variation of
FWHM of SPDC ring for order l=2 with σpump is shown
in Fig. 8. In case of OV, the numerical and experimental
results are in good agreement with each other.
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FIG. 4. (Color online) Variation of σring with σpump. The
curve shows the linear variation in thickness of the SPDC
ring with the beam-width of Gaussian pump beam.
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FIG. 5. Schematic diagram for the generation of two rings
when pumped with optical votex beams.
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FIG. 6. Experimental (left) and Numerical (right) SPDC
rings due to an optical vortex pump beam for order 0, 1, 3
and 5. Spot in the center of experimental images correspond
to the unfiltered pump beam.
V. CONCLUSION
The spatial distribution of entangled photons gener-
ated by non-linear crystal is of importance in the field
of quantum information and quantum computation. We
have observed a linear increase in thickness of the SPDC
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FIG. 7. (Color online) Variation of FWHM of SPDC ring for
optical vortex pump beams with the order of optical vortices.
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FIG. 8. (Color online) Variation of FWHM of SPDC ring for
optical vortex pump beam of order l=2 with beam width of
host beam.
ring with beam radius of the pump.
We have also observed the formation of two concentric
SPDC rings if the crystal is pumped with optical vortex
beams. One of the reasons for generation of two rings is
the dark core of optical vortex i.e. specific intensity dis-
tribution of the vortex. The numerical and experimental
widths of the SPDC ring are in good agreement with
each other. The formation of two rings takes place when
the pump beam size is more than the critical beam size.
These observations would be useful in the experiments to
maximize the coincidence counts. Physically, the broad-
ened SPDC is a consequence of the greater spread of
pump transverse wave-vectors, resulting in phase match-
ing for a greater spread of signal and idler transverse
wave-vectors.
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